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ABSTRACT

Manometric measurements were made on the respiratory
rates of uninoculated tomato leaf tissue and tissue inoculated
with race 0 (incompatible) and race 1 (compatible) of
Phytonhthora infestans at 24 , 48* 72, and 96 hr after inocula
tion,

The respiratory rate of tomato tissue inoculated with

race 1 increased to if.6^ greater than that of control tissue
at 72 hr after Inoculation.

At 96 hr the respiratory increase

declined to 21^, and much of the tissue had collapsed*

The

respiratory rate of tomato tissue inoculated with race 0 was
13-22$ greater than that of control tissue over the 48-96 hr
time period*
Studies with respiratory inhibitors iodoacetate, azide,
malonate, and arsenite showed little difference among the
three sets of tissue in percentage of inhibition at 72 hr*
Trans-aconitate, however,

inhibited respiration as much as

92$ in the control tissue and only £3$ in the race 1-infected
tissue*

Respiration of race 1 of ]?• infestans was not

inhibited by this compound.
The activities of the terminal oxidases ascorbic acid
oxidase, polyphenoloxidase, peroxidase,

catalase, cytochrome

oxidase, and glycolic acid oxidase were compared spectrophotometrically and manometrically in extracts of the three
sets of tissue over the 24-96 hr period.

There was no

significant difference in the activity of these enzymes
vl

between the control and inoculated resistant tissue throughout
this period, nor between control and inoculated susceptible
tissue at 2lj: and 1^8 hr.

Ascorbic acid oxidase activity showed

a 75# increase in the infected tissue at both 72 and 96 hr,
Polyphenoloxidase activity was increased 75# at. 72 hr and .
fivefold at 96 hr in the infected tissue.

Peroxidase activity

was increased threefold at 72 hr and sixfold at 96 hr in
infected tissue.

No difference in catalase and cytochrome

oxidase activity could be measured between control and infected
tissue.

Activity of glycolic acid oxidase was

lj.0% lower at

72 hr and 25# lower at 96 hr in infected tissue than in control
tissue•
The activities of the terminal oxidases were compared
spectrophot.ometrically in extracts of races 0 and 1 of
infestans.

No activity of ascorbic acid oxidase or poly

phenoloxidase

and little activity of cytochrome oxidase,

could be measured.

The activities of catalase and peroxidase,

in race 1 were seven and eight times higher, respectively,
comparison with race 0,.

in

Pace 1 also showed a slightly higher

glycolate oxidase activity.
Attempts were made to determine the in vivo activity
of copper oxidases in he&lthy and infected tomato leaves.
Respiration of both types of tissue was inhibited slightly
but to the same extent by treatment with diethyldithiocarbamate (DIECA), a copper oxidase inhibitor.

Respiration of

both types of tissue was increased to about the same extent
after the addition of substrates (ascorbic acid, catechol,

vii

and chlorogenic acid) for these enzymes.
Due to the lack of evidence of in vivo activation of
copper oxidases, and since in vitro activity of these
enzymes was the same or greater at the stage when respira
tory increase in the infected tissue had declined, it is
concluded that the activation of copper oxidases is not
responsible for the stimulated respiratory rate in P_.
infestans-infected tomato leaf tissue.

On the basis of

results with trans-aconitato, which did not inhibit respira
tion of P. infestans and inhibited respiration of infected
tomato tissue to a lesser degree than that of healthy tissue^
it is suggested that increased respiration of infected tissue
is due in large part to :the additive effect of the respira
tion of the parasite.

viii

INTRODUCTION

A n increase in respiratory rate is a general phenomenon
in a wide variety of plants infected by pathogenic micro
organisms s

This reaction by the plant tissue appears to be

a nonspecific one, since both obligate and facultative
parasites, as well as chemical or mechanical injuries, can
induce a respiratory increase.

This subject has been

extensively reviewed in recent years by Allen (1,2), Parkas
and Kiraly (S>), Goodman, KIraly, and Zaitlin (6), Millerd
and Scott (l8), Rubin and Artsikhovskaya

(19)* Uritani and

Akazawa (26), and Wood (28).
A number of explanations have been proposed to account
for the mechanism of respiratory Increase In infected plants.
Included among the.«\>

the suggestion that a noncytochrome

system of terminal oxidases is activated in infected tissue
which may account for the Increased oxygen consumption.

Many

workers have reported an increase in the activity of certain
soluble oxidases in vitro, including polyphenoloxidase,
ascorbic acid oxidase, peroxidase, and catalase.

However,

the in vivo role of these enzymes in pathological respiration
has not been definitely established.
Many of the more detailed studios on resniratlon of
diseased tissues have been made with plants infected by
obligate parasites.

An obvious disadvantage of studying

these diseases is the difficulty in demonstrating the relative

1

contribution of the host or the pathogen to the alterations
occurring In diseased plants.

Thus it Is difficult to draw

valid conclusions concerning the respiration of the diseased
tissue, since the contribution of the actively-growing
parasite to gaseous exchange may be highly significant*
The purposes of the present investigation were 1) to
determine the effect of infection by Phytophthora- infestans
(Mont.) deBary on the respiration of tomato leaf tissue;
2) to determine whether the respiratory increase In infected
tissue reflects a shift in the metabolism of the infected
tissue;

3) to compare the activity of terminal oxidases In

healthy and Infected tissue;

and 4)

determine the

relationship between increased respiration Rnd increased
activity of the terminal oxidases in the infected tissue*

MATERIALS AND METHODS

The isolates of Phytophthora infestans

fVJV 75— race 0

and WV 33— race 1) and the tomato seeds used in this study
were supplied by Dr, M, E, Gallegly, West Virginia University,
Morgantown,

The seeds were derived from breeding line

386 - 1-5 which segregated for resistance and susceptibility to
race 0,

Progeny were selfed twice and screened.

Selection

33, which was used In this study, was homozygous for the
dominant gene for resistance to race 0 and was susceptible
to race 1 *
Plants were grown in vermiculite in 1-quart polyethylene
containers, five plants per container.

The plants were grown

in a growth chamber at 20-23 C and were Illuminated for ltf hr
daily with II4.OO ft-c; fluorescent and Incandescent light.

The

vermiculite was saturated with full-strength modified
Hoagland's solution (11) at planting, followed by irrigation
three times weekly with half-strength solution.

When the

plants were 3 weeks old, they were atomized to the point of
run-off with a zoospore-sporangia suspension (i}.0,000 sporangia
per ml distilled water)

of the fungus.

The sporangia had

been incubated at 12 C for 2 hr to induce zoospore liberation.
After inoculation, the plants were placed in a chamber at
100$ relative humidity at about 20 C for 20-211 hr.

They were

then returned to the growth chamber until they were used.
The cultures of P, infestans were maintained in culture

tubes' on lima bean agar medium (275 g Frosty Acres frozen
bseby lima beans blended for 2 min, 17 g agar, and one liter
distilled water)*

Sporangia used to inoculate the plants

were harvested from 10-day-old cultures of the fungus on
flood-inoculated lima bean agar medium in petri plates.

The

medium used for studies on the fungus was lima bean medium,
which was prepared from the water extract of frozen lima
beans autoclaved at 121 C for 10 min in 500 ml distilled
water*

Ihe beans were removed by straining through cheese

cloth, and the volume was brought to 1 liter with distilled
water*

Ihis medium was dispensed into Erlenmeyer flasks

(25 ml/250-ml flask) and autoclaved at 121 C for 15 min.

A

5 mm inoculum plug from an agar colony of the fungus prior
to sporulation was placed in each flask, and the still
cultures were incubated in the dark at 20 G.
Respiration of both tomato and fungus tissue was
determined with a Gilson Differential Respirometer.
measurements were made in the dark at 20 C«

All

Tissue was

floated in 3*0 ml 0.03 M potassium phosphate buffer at
pH 6,0.

The center well contained 0.2 ml 10% K0H.

In

determining the effect of various inhibitors and substrates
on respiration, 0*5 ml of six times the desired final
concentration (after tipping) was added to the side arm of
the Warburg vessel.

Respiratory measurements of the fungus

were made on 6- or 7**day-old fungal mats which were removed
from the culture media, washed in the buffer solution used,
and placed in the vessels, with due care being taken to keep
mycelial damage to a minimum.

For tomato tissue, ten 1-cm

discs, cut from the leaf lamina with a no. £ cork borer,
were placed in each vessel.

In inhibitor experiments, the

inhibitor solution was vacuum-infiltrated by reducing the
pressure with a vacuum pump for 10 min, followed by release
of the vacuum.

The leaf discs were then placed in the

vessels containing the same solution.

When the experiment

was completed, the fungus: or tomato leaf tissue was removed
and dried in an oven at 90-100 C for 12 hr.
Crude enzyme extracts of tomato leaf and fungus tissues
were prepared by homogenizing the tissues In 0.1 M sodium
phosphate buffer at pH 7,0 (5 ml/g fresh wt) for 2 min at
top' speed In a Sorvall Omnimixer.

The homogenizing cup

was immersed in an ice bath during grinding.

The homogenate

was then strained through cheesecloth and the filtrate
centrifuged at 3000 g for 20 min at 0 C.

The supernatant

was decanted and kept In an ice bath until it was used.
There was little difference in dry weight of equal-volume
samples taken from homogenized tissue of race 0 and race 1
of the fungus.
Optimum concentrations of substrate and enzyme extract
used in each assay were determined by preliminary work.

The

substrates and enzyme extracts were prepared on the same day
as the assays were made.

Boiled enzyme extracts were used

for controls.
Enzymatic activities were estimated with a Perkin-Elmer
recording spectrophotometer at 2i}. t.2 C.

The reference

cuvette contained the same concentrations of components as
the sample cuvette, except that the substrate solution was

replaced with distilled water.

The enzymatic activities

were estimated from the slopes of the linear portions of
the curves obtained by plotting absorbance vs. time.
The respirometer was also used to measure the activity
of certain enzymes to support the results from spectr©photo
metric data.

The enzyme extracts were added to the main

compartment, and the substrates were tipped in from the side'
arm.
Ascorbic acid oxidase activity was measured by following
the disappearance of ascorbic acid at 265 mp. (17).

The

sample cuvette contained 1.0 ml 0,2 M sodium phosphate buffer
a?t pH 6.2, 0.2 ml 0,001 M ascorbic acid, 0.2 ml enzyme ex
tract, and distilled water to bring cuvette contents to 3.0
ml.

Activity of this enzyme was also determined manometri-

cally by adding 1.0 ml buffer, 1.0 ml extract, and 0,5 ml
distilled water to the main compartment and tipping in 0.5 ml
0.05 M or 0.1 M ascorbic acid from the

side arm.

Readings

were taken at 10-mln intervals,
Polyphenoloxidase activity was measured by following the
oxidation of catechol at lj.95

(17).

The reaction mixture

consisted of 0.5 ml 0.2“ M sodium phosphate buffer at pH 7*0,
1.0 ml 0.001 M catechol, 1.0 ml enzyme extract, and distilled
water to bring the cuvette contents to 3*0 m l •

Manometric

assay of this enzyme was accomplished by adding 1,0 ml buffer,
1.0 ml enzyme extract, and 0.5 ml distilled
compartment and tipping in 0.5 ml
from the side arm.

Readings were

water to the main

0.01 M or 0.1 M catechol
taken at 10-min intervals.

Peroxidase activity was determined by measuring the

oxidation of pyrogallol to purpurogallin in the presence of
H 2 O2 at lj.20 mji (1?)*

The sample cuvette contained 0.5 ml

0,2 M sodium phosphate huffer at pH 7.0, 0.1 ml enzyme extract,
diluted 5:1* 0.5 ml 0.05 M pyrogallol, 0.1 ml 1,0^ H 2 O 2 , and
distilled water to bring cuvette contents to 3*0 ml.

The

**2°2 waa replaced with. distilled water in the reference1 ■■■
cuvette•
Catalase activity was measured by following the disap
pearance of H 2 O 2 at 2^0 m>a {17).

The sample cuvette contained

0.5 ml 0.2 M sodium phosphate buffer at pH 7*0, 0.2 ml enzyme
extract, 0*3 nil l/» H 2 O2 , and distilled water to bring cuvette
contents to 3*0 ml.

Activity of this enzyme was determined

manometrically by adding 2,3 ml 0.01 M sodium phosphate buffer
at pH 7*0 and 0.2 ml 0.1$ or 0 ,$% "B.2^2

"k*10 main compartment

and tipping in 0.5 ml enzyme extract from the side arm. Read
ings were taken at 1-min intervals.
Cytochrome oxidase activity was measured by following
the oxidation of reduced cytochrome c (Calbiochem) at 550 m;i
(25).

The sample cuvette contained 0.5 ml 0.2 K-sodium

phosphate buffer at pH 7.0, 0.5 ml enzyme extract, 0.5 ml
90 ;aM cytochrome c, and distilled water to bring cuvette
contents to 3'.0 ml.

The cytochrome c was reduced by adding

sufficient sodium hydrosulfite

(17) to obtain an absorbance

ratio, A (55° mp.)/A (565 m)Ji), greater than 6.
The assay for glycolic acid oxidase activity was based
on the reduction rate of 2,6-dichlorophenolindophenol, which
was followed by measuring the decrease in absorbance at 620 mja
(29).

The sample cuvette contained 1.0 ml 0.2 M sodium

phosphate buffer at pH 8*0, 0,2 ml enzyme extract, 0,01 ml
0,1 M KCN In 0,01 M NII^OH, 0,0i| M sodium glycolate, 0',5 ml
0,01^ 2,6-dichlorophenolindophanol, and distilled water to
i
bring cuvette contents to 3,0 ml.
Ihe dye was replaced with,
distilled water in the reference cuvette.
Data presented from manometric studies represent an
average of readings from duplicate or triplicate flasks.
experiments were repeated at least once.

All

Ihe results pre

sented are from individual experiments but are representative
of results obtained from similar experiments.

RESULTS

Respiratory rates of tomato and fungus tissue.

Due to

the large amount of inoculum applied to the plants, the
infection process was very rapid.

By the 3rd day after in

oculation, numerous infection sites were evident on the leaf
tissue inoculated with the compatible race (race 1).

Upon

closo scrutiny, hypersensitive-type flecking could be observed
on the tissue inoculated with the incompatible race (race 0)o
By the l|.th day, the lesions on the susceptible tissue had
spread and coalesced.

At this time the fungus was moving

into the petioles, girdling them and causing the affected
tissue to collapse*
The respiratory rates of the control, resistant, and
susceptible tissue during this period are shown in Pig. 1*
There was little difference in the rates at 2l\. hr after inocu
lation*

Measurements taken at 12 and 18 hr also showed little

difference in respiration among the three sets of tissue.

At

hr, although symptoms were not yet evident, the resistant
tissue showed a 17$ increase in oxygen uptake, while the
susceptible tissue increased 26$,

At 72 hr, the respiratory

rate of the susceptible tissue had increased to ^6$ above
that of the uninoculated tissue, while that of the resistant,
tissue was 13$ greater.

At 96 hr, the respiratory increase

of the collapsed tissue V7as 21$.
The average

(four experiments) respiratory rate of race
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Oxygen uptake by control, race 0- and

race 1-inoculated tomato leaf tissue.
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0 and race 1 of the fungus was 4.96 and if.07 ul/mg/dry wt/hr,
respectively.

Effect of respiratory inhibitors on the respiration of
tomato and fungus tissue.

In order to determine whether

there was a shift in metabolism during pathogenesis, the
effect of several respiratory inhibitors on oxygen uptake
by the control and Inoculated tissue was measured at 2/f, if8,
72, and 96 hr after Inoculation.

Mo definite pattern could

be established over this period of time.

Table 1 shows the

results at 72 hr.
There was little difference among the three sets of
tissue In the percentage of Inhibition when treated with
iodoacetate (an Embden-Meyerhof-Parnas pathway inhibitor),
aizlde {an inhibitor of metal oxidases), malonate, or arsenlte
(both tricarboxylic acid cycle inhibitors).

Likewise, there

was little difference in the effect of these inhibitors
between the two races of the fungus.

However, respiration

of the diseased tissue treated with trans-aconitate

{also a

TCA cycle inhibitor) was inhibited to a lesser extent (£3$)
than was the healthy tissue {92$).

Respiration of the

fungus tissue was not Inhibited by this compound.

Activity of terminal oxidases in control and inoculated
tomato leaves.

The activity of the oxidative enzymes ascorbic

acid oxidase, polyphenoloxidase, peroxidase, catalase,
cytochrome oxidase, and glycolic acid oxidase was measured in
control, race 0- and race I-inoculated tomato leaf tissue

12

Table 1.

The effect of respiratory inhibitors on the

respiration of JP. infastans-inoculated and uninoculated
tomato leaf tissue and of races 0 and 1 of P. infestans

Fungus

Tomato
Control

Inhibitor
0.001 M

•

R - 0 -inoc. R-l-inoc.

R-0

R-l

56 Q

55

61

90

81*

0. 05 M

.52

57

•50

30

27

Arsenite, 0. 05 M

1*9

56

55

73

61*

t-Aconitate,

92

88

53

12

0

79

81

77

100

100

Iodoacetate,
Malonate,

Azido, 0.05 M

0.05 M

Figures represent percentage inhibition of respiration
compared to tissue not treated with inhibitor.
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extract.

Assays were made on tissue extracted at 2/4., 48, 72,

and 96 hr after inoculation.
There was no significant difference in the activity of
these enzymes between the extracts from the control and the
race O-inoculated (incompatible) tissue.

Nor was there any

detectable difference between the control and race 1inoculated (compatible) tissue at 24 and lj.8 hr.
The activity of ascorbic acid oxidase in the infected
tissue extract, measured spectrophotometrically, was approx
imately 7

greater than that in healthy extract at 72 and

96 hr after inoculation (Pig. 2-A),

Manometric data showed

a twofold increase in the infected tissue extract at 72 hr
(Pig. 3)«

Addition of sodium diethyldithiocarbamate

(DIBCA),

an inhibitor of metal-containing oxidases, to the reaction
vessel considerably reduced the activity of this enzyme’ in
extracts from both healthy and infected tissue.
The activity of polyphenoloxidase in the Infected tissue
extract, measured spectrophotometrically, was approximately

7$% greater than that in healthy tissue extract at 72 hr
(Pig. 2-B).

At 96 hr, the activity of this enzyme in the

infected tissue showed nearly a fivefold increase over that
of the healthy tissue extract.

Manometric measurements

showed a five- to sixfold increase in the activity of this
enzyme 10 min after addition of the substrate (Fig. 4)*

The

Inhibitor DIECA greatly reduced the activity of polyphenol
oxidase in both healthy and infected tissue extracts.
Peroxidase activity was increased threefold at 72'-hr.,
and sixfold at 96 hr in the infected tissue extract in
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IT
comparison with the healthy tissue extract (Fig. 2-C).
The activity of glycolic acid oxidase was considerably
lower in the infected tissue extract than in the healthy
tissue extract at 72 and 96 hr after inoculation (Fig* 2-D),
Suectrophotome trie (Fig* 2-E) and manometric data showed
no difference between healthy and infected tissue in catalase
activity*
Relatively little activity of cytochrome oxidase could
be detected, either spectrophotometrically (Fig. 2-F) or
manometrically, in any of the tomato leaf tissue.

Of the

activity that was measured, no difference between healthy and
infected tissue could be detected.

Activity of terminal oxidases in races 0 and 1 of P.
infestans.

The same materials and methods as used with the

plant tissue extracts were employed in determining the
activity of the oxidative enzymes in the fungus tissue (Table
2)*

The activities of catalase and peroxidase in race 1

were seven and eight times higher, respectively,
with race 0.

in comparison

Race 1 also showed a slightly higher g'lycolate

oxidase activity.

No activity of ascorbic acid oxidase or

polyphenoloxidase, and little activity of cytochrome oxidase,
could be detected*

Similar results were obtained for extracts

from 4-, 6-, and 8-day-old fungus tissue*

In vivo activity of copper-oxidases in healthy and
Infected tomato leaves*

Respiration of leaf discs from

healthy or infected tissue was inhibited to approximately

18

Table 2.

The activity of terminal oxidases in extracts

from races 0 and 1 of P. infestans.

Absorbance chans©/min
Enzyme

Extract

(ml)

Race 0

Race 1

Catalase

0.2

0.03

0.21

Peroxidase

0.1

0.02

0.16

Glycolate oxidase

0.2

0.10

0.16

Cytochrome oxidase

0.5

0.01

0.01

Ascorbate oxidase

0.2

0

0

Polyphenoloxidase

1.0

0

0

.

the same extent by treatment with DIECA at a concentration
which differentiates between iron- and copper-containing
oxidases (10) (Table 3)*

Respiration of both types of

tissue was slightly stimulated by treatment with thiourea,
also an inhibitor of copper-containing enzymes.
The effect of adding substrates for these enzymes on
the respiration of healthy and infected leaf discs was
measured b y tipping in the substrates from the sidearm of
the Warburg vessel.

Substrates used for polyphenoloxidase

were catechol and chlorogenlc acid.

The substrate for

ascorbic acid oxidase was ascorbic acid.

Respiration of

both types of tissue was considerably increased by the
addition of chlorogenic acid at 0.001 M, and slightly
increased by the addition of ascorbic acid at 0.01 M and by
catechol (Table ij.).

There was no indication that the

respiration of the infected tissue was enhanced to a greater
degree than was that of the healthy tissue.
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Table 3 .

The effect of Inhibitors of copper oxidases

on the respiration of healthy and P. infestans-infected
tomato leaf tissue.

ul 02 uptake/mg dry wt/hr
Inhibitor

Healthy

Infected

Control

2.77

3.96

DIECA, 0.005 M

2*14-9

3.60

' 2.90

if..22

Thiourea, 0.005 M

i
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Table I},,

The effect of addition of substrates for

copper oxidases on the respiration of healthy and JP, infestans-lnfected tomato leaf tissue.
ul 02

ud

take/mg dry wt/10 min

Healthy
BTa

ATb

Catechol, 0.001 M

0J|0

o+5k

Catechol, 0,01 M

OJj.6

Substrate

Infected
BT

AT

PI

35

0.87

0.96

10

0.51

11

0.89

1.03

16

Chlorogenic acid, 0.001 M 0.93

1.63

78

1.37

2.27

66

Chlorogenic acid, 0.01 M

0.89

1.15

29

1.59

1.63

3

Ascorbic acid, 0,001 M

0.59

0.54

-

1.18

1.07

Ascorbic acid, 0.01 M

0.57

0.76

33

1.04

1.35

Be

Before tipping in substrate.
After tipping in substrate.

C Percentage increase.

PIC
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DISCUSSION

The respiratory rate of the tomato leaf tissue infected
v/Ith race 1 of Phytophthora infestans Increased during
pathogenesis to a rate

higher than that of the uninoculated

tissue by the 3rd day after inoculation.

Rubin et al.

(20)

did not detect any significant increase in the rate of
respiration of potato leaves infected with £. infestana as
compared to disease-free leaveB.

The decline in respiratory

activity in the infected tissue on the ij.th day was likely
due to the degenerated condition of the collapsed plant.
According to W o o d (28), the stimulation of respiration
characteristic of diseases caused by obligate or facultative
parasites is usually most pronounced when resistant plants
are Infected.
study.

This generality Is not borne out in the present

The respiration of the resistant tissue, while slightly

increased over the control, was less than that of the suscep
tible tissue.

However,

the rate of respiration of the resis

tant tissue may have been considerably greater if the respir
atory rate of the infected cells had not been diluted by that
of the surrounding and probably more numerous uninfected
cells.

In contrast to the susceptible tissue,

in which

symptoms were obvious by the 3rd day following inoculation,
evidence of infection in the resistant tissue was difficult
or impossible to detect.

Thus, much of the tissue selected

for respiratory studies may not have been infected.
22
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R e s p i r a t o r y inhibitors were used in an attempt to
eluci d a t e a possible qualitative change in metabolism in
i nfected tissue.

The use of selective inhibitors is an

important tool for determining the mechanism of respiration
in living cells.

However, there are certain difficulties (8)

c o m m o n to all inhibitor experiments
specificity,

(e.g., insufficient

poor permeability into cells, etc.), and these

limita t i o n s must be considered when Interpreting results.
Iodoacetate inhibits phosphoglyceraldehyde dehydrogenase
in the Embden-Meyerhof-Parnas (EMP) pathway.

Results with

this inhibitor suggest there is no shift from this glycolytic
p a t h w a y in infected tissue.

Malonate, which inhibits succinic

a c i d dehydrogenase, and arsenite, which inhibits keto acid
oxidation,
cycle.

are both inhibitors of the tricarboxylic acid (TCA)

Results with these inhibitors suggest that the ‘TCA

cycle operates to the same extent in healthy and infected

-

tissue.
The compound trans-aconltate is an isomeric analog of
citrate.

It inhibits the enzyme aconitase, which catalyzes

the intorconversion of the tricarboxylates in the TCA cycle
(27)*

Results with this Inhibitor show that the healthy

tissue w a s

Inhibited to a much greater extent (92$) than the

i n fected tissue

(53$).

This suggests that the TCA cycle is

operating to a lesser extent in the infected than in the
h e a l t h y tissue.

However, since results with the other TCA

cycle

(malonate and arsenite) suggest otherwise,

a

inhibitors

different interpretation is more probable.
R e s p i r a t i o n of race 1 of the fungus was not Inhibited

by trans-aconltate.

The reason for this may be due to

difficulty of penetration of the compound into the cells
(27).

The difference in inhibition by this compound in

healthy and Infected tissue

(39^) was almost the same as the

extent to which respiration in the infected tissue was
augmented

6$).

Since the fungus respiration was not

inhibited by this compound,

this strongly suggests that the

increase in respiration of the infected plant is due to a
large extent to the additive effect of the fungus respiration
rather than to a stimulation of host respiration.

The

relatively high respiratory rate of the fungus would lend
support to this suggestion.
Azide inhibits the metal-containing enzymes

(poly-

phenoloxldase, ascorbic acid oxidase, cytochrome oxidase,
and peroxidase)*

Since azide inhibited healthy and infected

tissue to the same extent, it suggests that respiration in
both types of tissue is mediated primarily by a metalloenzyme system.
Terminal oxidases are those enzymes which catalyze
reactions in which eD.ectrons are transferred directly from
a substrate to atmospheric oxygen.

It is generally believed

that the terminal oxidase system of living organisms,
including plants, is mediated by the cytochrome system.
Some of the soluble oxidases are believed to function In the
respiratory pattern of certain plant organs at a specific
stage of their development (26).

There have been many

experiments published dealing with the activation or altera
tion of a noncytochrome system of terminal oxidases in

2£
Infected tissue.

Results of the present study likewise

show an activation of these enzymes in vitro.
There is general agreement that the copper-containing
oxidases are not major respiratory enzymes

(7)«

However,

some workers claim an important function for the ascorbic
acid system, the evidence for which is reviewed by Mapson
(16).

This system involves the oxidation of reduced N A D or

NADP, in which ascorbic acid oxidase is involved in the
terminal step.

It is possible that such a system is activated

in _P. infestans-infected tomato leaves,

since, as shown in

the present investigation, this enzyme is activated in such
tissue.

Kiraly and Parkas (13) concluded that, on the basis

of their experiments with extracted systems and in vivo,
ascorbic acid oxidase is the major enzyme catalyzing the
respiration in rusted wheat.

These authors express the view

that ascorbic acid oxidase is present In an inactive form in
healthy tissue, but is activated during the course of Infec
tion and assumes the primary role in terminal oxidation.
Results from in vivo experiments In the present study would
not support this contention for tomato late blight,

since

respiration of infected tissue was not Inhibited by inhibitors
(DIECA and thiourea) of this enzyme, nor stimulated over that
of the healthy tissue by treatment with ascorbic acid.
Polyphenoloxidase', like ascorbic acid oxidase, is a
soluble, copper-containing oxidase.

This enzyme, which

catalyzes the oxidation of polyphenols

(e.g., catechol and

chlorogenic acid) to quinones, was the first plant oxidase
to be studied.

Nevertheless, It remains the moat difficult
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to assess in relation to respiration (9).

It has received

serious consideration as a terminal oxidase because the
quinones produced during oxidation can accept electrons from
a variety of substances (3)•

A n Increase in polyphenoloxidase

activity is characteristic of many diseases,
leaves infected with j?. infestans

including potato

(21) and tomato leaves

infected with Fusarlum oxysporum f. lycopersici (23).

However,

results from in vivo experiments in the present Investigation
which show no such Increase suggest that this enzyme is not
Involved in the stimulated respiration in tomato leaves
Infected with _P. infestans.
Peroxidase is a widely-distributed soluble oxidase which
can induce the oxidation of a variety of phenols and amines
when HgjOg is provided as the electron acceptor.

The possible

Importance of this enzyme in plant respiration is its utiliza
tion of H 2.O2 produced by flavoproteln oxidases in the induced
oxidation of other cellular metabolites

(3).

Increased activity

of this enzyme has been reported for many plant diseases,
including tomato leaves infected with Cladosporium fulvum (1|.).
Rubin et al.

(20) did not detect any significant increase in

peroxidase activity in potat.o leaves infected with .P. infestans.
The present investigation showed a considerable activation
of peroxidase In P_. infe stans-infected tomato leaves.
Glycolic acid oxidase is another soluble enzyme which
catalyzes the direct oxidation of its substrate (glycolic
acid) by molecular oxygen.

In contrast to the other oxidases

its activity has been reported to decrease In infected tissue
of several plant diseases, including Fusarium wilt of tomato
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(2lp).

Similar results were obtained in t he present study.

Obviously, this enzyme could not be implicated in increased
respiration of infected tissue.

Kiraly and Parkas (lij.)

proposed that the cause for decreased activity of this
prosthetic group (riboflavin phosphate) of the enzyme by
the pathogen.

Ihey presented no evidence to support this

suggestion.
While there are numerous reports in the literature
concerningthe activation of a noncytochrome system of
enzymes in diseased plants, there are very few reports of
enhanced activity of cytochrome oxidase.

This may be due to

the relative difficulty in measuring the activity of this
enzyme, as was found in the present study.

Beevers (3)

states that cytochrome oxidase activity is considerably less
vigorous than the soluble oxidases from the same tissue.
Manometrlc and spectrophotometrie estimation of cytochrome
oxidase activity showed it to be relatively low, with no
difference in activity between healthy and P. lnfestansinfected tomato leaves.
Determination of the terminal oxidase activities of the
fungus was carried out because measurements on infected
tissue presumably included contribution by the parasite.
For this reason the same methods were used for the fungus
tissue as for the host.

No ascorbic acid oxidase or

polyphenoloxidase, and relatively little cytochrome oxidase
activity, could be measured.

These enzymes may have been

inactivated during extraction, or improper methods may have
been used to measure the activity of these enzymes in the
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fungus tissue.

Sakai (2?), using manoraetric methods,

reported activity of cytochrome oxidase and weak activity
of polyphenoloxidase in potato races 0 and 1 of <P* infestans.
with no difference between the races.
The much greater activity of catalase {seven times) and
peroxidase (eight times) in race 1 than in race 0 is interes
ting.

Perhaps the greater activity of these enzymes is

related to the capacity of race 1 to successfully infect
tomato tissue containing no R genes for resistance-

However,

since only one isolate of each race was used for enzyme
assay, such a suggestion may be premature.
The increased activity of ascorbic acid oxidase and
polyphenoloxidase in infected tissue is probably of host
origin, since activity of these enzymes could not be detected
in fungus tissue.

It Is, of course, possible that the

enzymes could be induced in the fungus growing in tomato
tissue, since that environment is far different from that of
lima::bean medium..

The increased level of peroxidase in

infected tissue could be, in part, due to contribution of
fungal peroxidase, which was shown to be present to a consi
derable degree.
Itoo methods were used to estimate the degree of parti
cipation of the copper oxidases in the Increased respiration
of infected tissue.

These involved the use of inhibitors

and substrates of these enzymep.

DIECA has been widely used

to differentiate between iron- and copper-containing oxidases
in vivo.

According to James and Garton (10), a concentration

of DIECA at 0.00^ M will inhibit copper-containing oxidases

to a much greater extent than iron-containing oxidases*
Beevers

(3) feels, however, that the affinity of DIECA for

the two metals is not sufficiently different to allow
complete inhibition of one system without affecting the
other, and that the range in which-any differentiation Is
possible is narrow.

In the present study,

DIECA caused

slight inhibition of respiration of both healthy and infected
tissue*.

This suggests that copper oxidases are of little

importance in the respiration of either healthy or infected
tissue, assuming the DIECA remained stable

(3) and was able

to penetrate the cells.
The rationale behind addition of substrates for terminal
oxidases Is that if a particular oxidase is the important one
In respiration, the oxygen uptake of the tissue concerned
will be increased by adding its substrate

(3)*_. The weakness

of such experiments is that one cannot conclude that a
particular oxidase 15 functional or even present,

since

several oxidation mechanisms other than their specific
oxidases may be present which could metabolise these substrate
Nevertheless, had addition of the substrates stimulated
respiration of the infected tissue moreso than that of the
healthy tissue,

It would have given strong evidence In

support of the in vivo role of the copper oxidases in stimu
lated respiration.
A much bettor method for distinguishing between ironand copper-containing enzymes is by testing the photoreversi
bility of carbon monoxide of each enzyme.

Carbon monoxide

inhibition of cytochrome oxidase is completely reversed by

light, whereas with copper enzymes it is not

(26).

This

method has a serious drawback when measuring respiration of
photosynthetic tissue, since photosynthesis occurs In the
presence of light, resulting in oxygen evolution.

Kempnor

(12) overcame this difficulty by using leaves which were
prevented from carrying out photosynthesis by a mild
chloroform treatment.

His methods were attempted in the

present study, but such treatment, at several concentrations
of chloroform, completely inhibited respiration.
In view* of the weaknesses of the methods used to estimate
the in vivo role of the soluble oxidases in stimulated res
piration of infected tissue, one cannot state unequivocally
that such a role Is not a possibility.

However, since the

in vitro activity of these enzymes either remained the same
(ascorbic acid oxidase) or Increased even further (poly
phenoloxidase and peroxidase) at a time

(96 hr) when

stimulated' respiration was declining, It appears that their
in vivo role in respiration Is unlikely.

Their activation

Is probably related to degenerative metabolism and disorgan
ization of Infected tissue.

.
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